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Abstract 
In this paper we demonstrate that the secondary amines piperazine and diethanolamine, and the 
hindered secondary amine 2-piperidinemethanol, can react slowly with NOx in the presence of O2 to 
form nitrosamine derivatives under controlled laboratory conditions simulating industrial post-
combustion CO2 capture processes. Methyldiethanolamine (MDEA), 2-amino-2-methyl-1-propanol 
(AMP) and 2-ethanolamine (MEA) were also investigated for control purposes, and no evidence for 
nitrosamine formation under these conditions could be found. The gas stream used to sparge the 
aqueous samples consisted of 81.4 % N2, 12.8 % CO2, 0.8 % NO and 5.0 % O2 flowing at 1.34 
L/min through 200 g of aqueous amine solution maintained at 60 °C. The solutions were sampled at 
regular three hour intervals and analysed for the presence of N-nitrosamines using direct infusion 
electrospray ionisation mass spectrometry. Peaks due to the protonated forms of N-nitrosamines of 
the secondary amines (N-nitrosopiperazine m/z 116; N-nitrosodiethanolamine m/z 135; N-
nitrosopiperidinemethanol m/z 145), were detected and their structural identities confirmed using 
MS/MS experiments. Piperazine was selected for further studies to determine the thermal- and 
photo-stability of its N-nitrosamine derivative. The results reveal that aqueous N-nitrosopiperazine 
is thermally stable at 150 °C but will degrade slowly upon exposure to UV light. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
The potential widespread application of post-combustion CO2 capture (PCC) technology as part 
of a greenhouse gas mitigation solution for stationary power sources (eg. coal fired power stations) 
will lead to a large variety of amines being used as capture solvents. The entrainment of volatile 
amines and degradation products in the scrubbed flue gas, with subsequent release to the 
environment, is an issue that requires attention given the magnitude of potential PCC operations 
globally. To this end, important initial steps have been taken [1,2] however, significant efforts in 
areas such as: 
(i) understanding the photochemistry of slipped amines and degraded by-products, and 
their atmospheric half-lives, and 
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(ii) understanding the impact of slipped amines and degraded byproducts on the 
biosphere eg. organism toxicity, 
are warranted and necessary. 
The reports by Braten et al. [1] and Stangeland and Shao [2] suggest that there is the potential for 
nitrosamine and nitramine generation during the utilisation of alkanolamines in a PCC process. 
Nitrosamines and other N-centred radicals are potentially hazardous to mammals and aquatic life-
forms [3]. In this study, we have performed experiments to determine the propensity of common 
CO2 capture alkanolamines to form N-nitrosamines. Note that no sorbent cycling or thermal 
regeneration – typical process features of post-combustion CO2 capture plants – was performed.  
The structures of the sorbents that were investigated are presented in Figure 1. 
Figure 1. Structures of the alkanolamines examined for nitrosamine formation 
2. Materials and Methods 
A diagram of the gas absorption apparatus is presented in Figure 2. All gases were purchased 
from BOC. The NOx was purchased as a 1 % mixture in N2. A simulated flue gas stream consisting 
of 81.4 % N2, 12.8 % CO2, 0.8 % NO (approx. 8000 ppm) and 5.0 % O2 was prepared using 
calibrated mass-flow controllers (Bronkhurst, all 0-1 L/min except 0-2 L/min CO2). The gas flow 
rate was set to 1.34 L/min. Appropriate measures (aluminium foil, opaque reaction and sample 
vessels) were adopted to exclude light from the reaction mixture. Gas flow was entrained through a  
200 g mass of: 
(1) 15 % wt aqueous solution of piperazine (Sigma, 99.8 %) 
(2) 30 % wt solutions of MEA (99.5%), AMP (95 %), DEA (99 %), MDEA (99+%) and 
2-PM (97 %). All solvents were purchased from Sigma-Aldrich. 
maintained at a constant temperature of 60 °C by a water bath (Techne Instruments). Reaction 
mixtures were sampled at 3 hour intervals (Ttot = 15 hrs). When necessary, the reaction mixture was 
stored overnight in a freezer (-16 °C). Each sample was analysed by using direct infusion positive 
ion electrospray ionisation-mass spectrometry (ESI-MS). 
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All MS experiments were performed using a Waters Acquity system equipped with a T-wave 
cell. Water and acetonitrile were used as solvent mobile phases. MS/MS experiments at unit mass 
resolution were used to confirm the structural assignments of the masses of interest. The collision 
gas was argon (99.999 % purity, BOC). Spectra were averaged over many scans (in some cases > 
100), particularly the MS/MS spectra of ions of low intensity. 
Figure 2. Schematic of the reactor used to sparge amine solutions with synthetic flue gas. 
3. Results and Discussion 
In this section, we focus on the results obtained for piperazine, which has been studied more 
exhaustively than the other secondary amines. 
The pH of the 15 % wt reaction mixture exposed to the simulated flue gas did not fall below 9.0 
± 0.5 pH units for the full duration of the experiment (15 hours, 154.4 L CO2 or 6.9 moles at 
standard temperature and pressure (STP), 9.65 L NO or 0.4 moles at STP). The initial pH of the 
unloaded solution was found to be close to 12.0 ± 0.5 pH units, and solution “acidification” to pH 9 
was completed prior to taking the first sub-sample. The reaction mixture also turned pale yellow, 
characteristic of aqueous nitrite. For comparison, an aqueous 15 wt % solution of piperazine was 
loaded with 4 moles of pure CO2, but no colour change was observed. It was clear that the change 
in the mixture is due to the NO/O2 content of the simulated flue gas, forming NO2 (aq). 
Broad-scan (m/z 50 – m/z 250) ESI-mass spectra were used to screen for the species of interest 
and optimize instrument parameters. The resulting spectra were quite complex and contained many 
species. For example, protonated and sodiated peaks identified in the broad scan spectrum of the 
piperazine reaction mixture include (H2O)(CH3CN)H+, (CH3CN)Na+ or H2NO3+, (CH3CN)2H+, 
PZH+, (CH3CN)2Na+, PZ-OH+ (the N-oxide of piperazine), PZNOH+ (N-nitrosopiperazine), PZ-
CO2H2+ (piperazine carbamic acid derivative), PZ-NO2H+ (piperazine nitramine) and ON-PZ-NOH+
(1,4-dinitrosopipperazine). 
Broad-scan spectra obtained from the piperazine reaction mixture after exposure to the simulated 
flue gas for 3.5, 7.0 and 9.0 hrs respectively are presented Figure 3. Note that there was no 
appreciable formation of N-nitrosopiperazine in samples exposed to a simulated flue gas without
oxygen after t = 14 hours (composition 81.4 % N2, 17.8 % CO2, 0.8 % NO); these spectra can be 
provided upon request. The abundance of the peak at m/z 116 (putative N-nitrosopiperazine) 
increases with time in the presence of oxygen, and a peak at m/z 145 is also observed after 15 hrs, 
which corresponds to protonated N,N′-dinitrosopiperazine. 
The low energy MS/MS dissociation spectrum of (putative) protonated N-nitrosopiperazine is 
also presented in Figure 3. Peaks corresponding to loss of 30 Da (NO) and 31 Da (HNO) dominate.  
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Figure 3. (Left) Broad-scan ESI spectra of the piperazine reaction 
mixture demonstrating the formation of N-nitroso and dinitroso 
derivatives at t = 3.5 hrs (1), t = 7.0 hrs (2) and t = 9.0 hrs (3). 
(Above) MS/MS spectrum of N-nitrosopiperazine. Two major 
products are observed corresponding to loss of NO (m/z 86) and 
HNO (m/z 85). 
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The relative abundance of these product ions was found to be extremely sensitive to the value of 
the laboratory frame collision energy. Deuterium labelling studies confirmed the identity of these 
losses, and that m/z 116 is indeed protonated N-nitrosopiperazine [4]. The potential energy surface 
for fragmentation of N-nitrosopiperazine was computed at the B3LYP/6-311++G(d,p) level, and the 
results suggest (i) stepwise loss of NO followed by H-radical competes with the concerted loss of 
intact HNO near the dissociation threshold for N-nitrosopiperazine which the theory predicts is 
protonated at the 4-position [4]. This explains the observed product ion fluctuations. It is 
recommended that both product ions are used in any method of quantification to maximise 
sensitivity and avoid signal losses due to fluctuations in analyser conditions. 
Analysis of the reaction mixtures (t= 9.0 hrs) for 2-PM and DEA using broad-scan MS revealed 
the presence of peaks at M/z 145 (putative N-nitroso-2-piperidinemethanol) and M/z 135 (putative 
N-nitrosodiethanolamine) respectively. The ions were mass-selected and analysed using MS/MS. 
The low-energy MS/MS spectra are presented in Figure 4.  
Characteristic losses of 30 Da (NO) and 31 Da (HNO) are evident in both spectra, which 
identifies these ions as protonated N-nitroso species (albeit these peaks are significantly weaker in 
the MS/MS spectrum of N-nitroso-2-PM). 2-PM is a “sterically hindered” heterocyclic 
alkanolamine, and the observation of its N-nitroso derivative suggests that while this aspect of 
alkanolamine molecular structure may have a small effect on the kinetics, its chemistry with 
O2/NOx is otherwise typical of unhindered alkanolamines i.e. steric hindrance does not preclude the 
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Figure 4. MS/MS spectrum of: (top) m/z 145 (N-nitroso-2-PM), and (bottom) N-nitroso-DEA. 
formation of certain derivatives, but the derivatives might be more prone to hydrolysis or other 
chemistry. This could render the detection of such species difficult. To demonstrate this further, the 
negative-ion MS/MS spectrum of AMP-carbamate (M/z 132), derived from the addition of 
NaHCO3 to a 30 % wt aqueous solution of AMP (1:1 molar) is presented in Figure 5. To the best of 
our knowledge, this is the only reported observation of the carbamate derivative of AMP [5]. It is 
characterised by loss of 44 Da (CO2). 
30 wt % aqueous solutions of MEA, MDEA and AMP were also exposed to the synthetic gas 
mixture for up to 15 hours to determine whether nitrosamines could be formed from primary, 
tertiary and primary ‘hindered’ alkanolamines (respectively). The resulting reaction mixtures were 
analysed in the same fashion, described vide infra. No evidence of nitrosamines were found, 
although analysis of the MDEA mixture revealed trace amounts of an ion at M/z 106, which was 
determined to be protonated DEA. The origin of the DEA could be either (1) degradation of MDEA 
induced by the presence of NOx in the synthetic gas stream, or (2) an impurity in the original 
material. MS analysis of the MDEA purchased from the manufacturer precludes the presence of 
DEA as an impurity in the stock. A peak at M/z 147 was also detected in negative ion mode for the 
MDEA reaction mixture (possibly [MDEA+NO-H]−). The MS/MS spectrum of M/z 147 was 
largely devoid of fragments aside from an intense peak at m/z 62 (spectrum not shown). It is 
concluded this ion is not a nitroso derivative but a nitrate salt, since M/z 62 corresponds to NO3−. 
In order to establish the effect of heat, UV light and NOx concentration on the formation of 
nitrosamines, a method was developed for the analysis of N-nitrosopiperazine using HPLC-MS. 
The method will be published elsewhere [4]. The graph presented in Figure 6 demonstrates that N- 
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Figure 5. MS/MS spectrum of AMP-carbamate. The intense peak at M/z 88 corresponds to loss of 44 Da (CO2). The 
lowest energy optimised structure of AMP-CO2  in a solvent field, and the level of theory used, is also shown (inset). 
There were zero imaginary frequencies at this level of theory.  
nitrosopiperazine is thermally stable at 150 °C, but may degrade when exposed to UV irradiation 
between 400-310 nm (maximum irradiance 2.6 μW/cm2 at 350 nm). 
Figure 6. Plot of nitrosopiperazine sample degradation when exposed to UV light (	) and heat (
). 
We have also reduced the NOx concentration to resemble Australian flue gas compositions (300-
700 ppm, [6]) to examine the propensity of N-nitrosopiperazine to form over longer periods of 
exposure. An aqueous 15 % wt piperazine solution was exposed to a synthetic flue gas with this 
NOx concentration (0.07 %), and the N2 concentration in the stream was adjusted to maintain the 
gas flow at 1.34 L/min. The experiment was run at 60 °C over 9 days (1215 L NOx, ~ 50 moles at 
298 K). The reaction mixture was then sampled and analysed using multiple reaction monitoring-
MS. Both transitions (M/z 86 ← 116, M/z 85 ← 116) recommended above were used in this study. 
The traces for each transition are shown in Figure 7 for: (1) an N-nitrosopiperazine standard, (2) a 
blank injection between the standard and the unknown, and (3) the reaction mixture. The results 
demonstrate that N-nitrosopiperazine forms at lower NOx concentrations. 
2282 P. Jackson, M. Attalla / Energy Procedia 4 (2011) 2277–2284
P. Jackson et al/ Energy Procedia 00 (2010) 000–000
7 
Figure 7. MRM traces for M/z 116 ← 86 (left) and M/z 116 ← 85 (right) for: (top row) N-nitrosopiperazine 
standard solution; (centre row) blank injection; (bottom row) PZ reaction mixture exposed to synthetic gas 
stream containing 700 ppm NOx for 9 days.
4. Conclusion 
We have demonstrated that: (1) N-nitrosamine formation is facile for secondary amines when 
exposed to gas streams containing NOx, and (ii) the nitrosamines formed could be destroyed using 
UV irradiation. While N-nitrosopiperazine appears to be stable at temperatures close to those 
typically used to regenerate this amine, other nitrosamines formed from alkanolamines may be more 
thermally labile, and mitigation strategies may not be needed. Work in the area of N-nitrosamine 
degradation is ongoing. It should be noted that the conditions under which this study were 
performed did not include solvent cycling; the effect of this process on the N-nitroso species is 
currently not known, although it is likely to have little effect on N-nitrosopiperazine. 
Nitrosamine formation is difficult to study kinetically, as the reaction may continue long after the 
gas-sparging event has finished, due to the presence of dissolved nitrite in the reaction mixture. For 
this reason, we have not presented any rate data. Work in this area is also ongoing. 
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